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ABSTRACT 

We perform a comprehensive study of the dominant two- and higher-loop contributions 
to the 205rjij^ neutron and muon electric dipole moments induced by Higgs bosons, third- 
generation quarks and squarks, charginos and gluinos in the Minimal Supersymmetric Standard 
Model (MSSM). We find that strong correlations exist among the contributing CP- violating op- 
erators, for large stop, gluino and chargino phases, and for a wide range of values of tan (3 and 
charged Higgs-boson masses, giving rise to large suppressions of the ^'^^Tl and neutron electric 
dipole moments below their present experimental limits. Based on this observation, we discuss 
the constraints that the non-observation of electric dipole moments imposes on the radiatively- 
generated CP-violating Higgs sector and on the mechanism of electroweak baryogenesis in the 
MSSM. We improve previously suggested benchmark scenarios of maximal CP violation for ana- 
lyzing direct searches of CP-violating MSSM Higgs bosons at high-energy colliders, and stress the 
important complementary role that a possible high-sensitivity measurement of the muon electric 
dipole moment to the level of 10~^^ e cm can play in such analyses. 

PACS numbers: ll.30.Er, 14.80.Er 



1 



1 Introduction 



The non-observation of electric dipole moments (EDMs) of the thalhum atom and neutron, 
as well as the absence of large flavour-changing neutral-current (FCNC) decays put severe 
constraints on the parameters of a theory. Especially, these constraints become even more 
severe for supersymmetric theories, such as the MSSM, in which too large FCNC and CP- 
violating effects are generically predicted at the one-loop level, resulting in gross violations 
with experimental data. A possible resolution of such FCNC and CP crises, often considered 
in the literature [Q, makes use of the decoupling properties of the heavy squarks and 
sleptons of the first two generations, whose masses should be larger than ~ 10 TeV. Thus, 
for sufficiently heavy squarks and sleptons, the one-loop predictions for FCNC and EDM 
observables can be suppressed up to levels compatible with experiment. Also, such a 
solution poses no serious problem to the gauge hierarchy, as long as the first two generations 
of squarks and sleptons are not much heavier than 10 TeV. In this case, because of their 
suppressed Yukawa couplings, the radiative effect of the first two generations of sfermions 
on the Higgs-boson mass spectrum is still negligible, with respect to that of TeV scalar top 
and bottom quarks.Q 

Recently, it has been shown ^ that even third-generation squarks may lead by 
themselves to observable effects on the electron and neutron EDMs through Higgs-boson- 
mediated two-loop graphs of the Barr-Zee type [Q . This observation offers new possibilities 
to probe the CP-violating soft-supersymmetry-breaking parameters related to the third- 
generation squarks. Most interestingly, the same CP-violating parameters may induce 
radiatively a CP-noninvariant Higgs-sector |^, §], leading to novel signatures at high- 
energy colliders H, |^, |l^, 0. It is then obvious that EDM constraints do have important 
implications for the phenomenological predictions within the above framework of the MSSM 
with explicit CP violation. Moreover, employing upper limits on EDMs, one is, in principle, 
able to derive constraints on the phase of the S\J{2)l gaugino mass, m^, which plays a 
central role in electroweak baryogenesis |12| in the MSSM ||I3|, P . 



On the experimental side, the current upper limit on the electron EDM d^, as derived 
from the absence of a permanent atomic EDM for ^°^T1, has improved by a factor of almost 



2 over the last few years |15, M. Specifically, the reported 2a upper limit on a thallium 



EDM is 16 



dTil < 1.3 X 10"^^ ecm. fl.ll 



^One should bear in mind that radiative effects on the neutral Higgs-boson masses are proportional to 
the fourth power of Yukawa couplings. A simple estimate indicates that the contribution of the second 
generation of sfermions is smaller, by a factor of at least 10~^, than those of the third generation. 
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Then, the electron EDM de may be deduced indirectly by means of the effective Lagrangian 

^EDM = -'^deccr^i, i-f^ e F'"' + Cs NN ei-^^e + CpNi-f^N ee 

+ CTNa^,t^,N ea^'e + (1.2) 

where Cs, Cp, Ct and the ellipses denote CP- violating operators of dimension 6 and higher. 
With the aid of the effective Lagrangian ( [1.2|) , the atomic EDM of ^os^jj may be computed 
by 0, [T|, in 



dTi [ecm] = - 585 X 4 [ecm] + 8.5 x 10"^^ [ecm] x Cs [TeV^^] 

-8.x 10^22 [e cm] x Ct [TeV^^] + . . . . (1.3) 

In (|1.3|) , the dots denote CP-odd operators of dimension 7 and higher. In our analysis, 
we will assume that like Ct, the CP-odd operators of dimension 7 and higher give rise 
generically to negligible effects on the ^o^Tl EDM. Moreover, although the contributions 
of the neglected CP-odd operators to other heavy atoms may be comparable to that of 
de, the experimental upper limits are still much weaker than d^i, by at least one order 
of magnitude. Consequently, we will only analyze predictions for the thallium EDM d^i 
and consider only two operators: the electron EDM rfg and the CP-odd electron-nucleon 
operator Cs- From ( [1.1|) and ( p..3|) , it is then not difficult to deduce the following 2a upper 



limits on these two CP-odd operators: 

141 < 2.2 X 10"^^ ecm, \Cs\ < 1.5 x 10'^ [TeV^^] . (1.4) 

In the MSSM under study, the contributions from de and Cs to dT\ can be of comparable 
size and therefore cannot be treated independently. In fact, depending on their relative 
sign, one may increase or reduce the EDM bounds on the CP-violating parameters of the 
theory. Here, the proposed high-sensitivity measurement of the muon EDM 4 to the level 
10^^^ e cm may offer new constraints complementary to those obtained by c^ti, since 



Cs and all higher- dimensional CP-odd operators are absent. 

Unlike the thallium EDM, the upper limit on the neutron EDM 4 is less severe, i.e. 

141 ^ 1-2 X 10-25 ecm, (1.5) 

at the 2a confidence level (CL) ^ Moreover, although promising computa- 

tions based on QCD sum rules p4| appeared recently, the theoretical prediction for 4 



is rather model-dependent. For example, the predictions between the valence-quark and 



quark-parton models may differ, even up to one order of magnitude [^. Recently, the 
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experimental upper limit on a permanent EDM of the ^^^Hg atom has been improved by a 
factor of 4, i.e. \d}ig\ < 2.33 x 10^^^ ecm at the 2cr CL [Q. On the theoretical side, how- 
ever, the derivation of bounds [^] from cing on the chromoelectric dipole moment (CEDM) 



operators of u and d quarks contains many uncertainties related to unknown effects of 



higher-dimensional chiral operators, nucleon-current ambiguities |28], the neglect of the 



CP-odd three-gluon operator [^, the modelling for extracting the nuclear Schiff mo- 



ment [0, the s-quark content in heavy nuclei, etc. Thus, we shall not implement mercury 



EDM constraints in our analysis. Instead, we will consider that no large cancellations 
below the 10% level occur among the different EDM terms in the neutron EDM. In a sense, 
such a procedure takes account of a possible complementarity relation between the 
measurements of the neutron and Hg EDMs. 



As we have already mentioned above, in the MSSM one-loop EDM effects [32, 33, 34, 



can be greatly suppressed below their experimental limits, if the first two generation 



of squarks and sleptons are made heavy enough, typically heavier than 10 TeV [p3, 25 



Within such a framework of the MSSM ^5|, the dominant contributions to EDMs arise 



from Higgs-mediated Barr~Zee-type two-loop graphs that involve quarks and squarks of the 
third generation, charginos and gluinos.Q In this paper, we improve previous computations 
of these two-loop contributions to EDMs, by resumming CP-even and CP-odd radiative 



effects on the Higgs-boson self-energies and vertices Analogous improvements of 

higher-order resummation effects are also considered in the computation of the CP-odd 
electron-nucleon operator Cs- Within the above resummation approach, we compute the 
original Barr-Zee EDM graph induced by t-quarks beyond the two-loop approximation in 
the MSSM through one-loop CP-violating threshold corrections to the top-quark Yukawa 
coupling. Finally, we compute the Higgs-boson two-loop contribution to EDM induced by 
charginos, and discuss the consequences of the derived EDM constraints on electroweak 
baryogenesis in the MSSM. 

The present paper is organized as follows: in Section 2, we discuss the CP-odd 
electron-nucleon operator Cs, which gives an enhanced contribution to the thallium EDM 



■^Alternatively, one-loop EDM contributions can be suppressed if the CP phases of the trilinear soft- 
Yukawa couplings of the first two generations and the CP phases of Wino W, Bino B and gluino g are 
all zero, with B/j, and /x being positive according to our CP conventions. In this case, however, if the first 
two generations of sfermions are relatively light, e.g. few hundreds of GeV, then additional two-loop EDM 
graphs exist, such as those induced by a gluino CEDM, which give non-negligible contributions to the 
EDMs. Furthermore, there are two-loop EDM effects induced by a CP-odd ^W^W~ operator, which do 
not decouple in the limit of heavy squarks and do not depend on Higgs-boson masses . These two-loop 
EDM contributions are subdominant, yielding an electron EDM term typically smaller than 10" 
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dri in the large tan/? regime EO]. In Section 3, after reviewing the existing dominant 
Higgs-boson two-loop contributions to EDMs, we compute the very relevant Barr-Zee con- 
tribution to EDM from t quarks for the first time in the MSSM. In addition, we critically 
re-examine a very recent calculation on Higgs-boson two-loop EDM effects due to 
charginos. In Sections 2 and 3, we also improve previous computations of the CP-odd 
electron-nucleon operator Cs and the electron EDM d^, by taking properly into account 
higher-order CP-even and CP-odd resummation effects of Higgs-boson self-energy and ver- 
tex graphs. Section 4 is devoted to numerical estimates of EDMs and discusses the impact 
of the derived EDM constraints on electroweak baryogenesis and on the analysis of direct 
searches for CP- violating Higgs bosons. Our conclusions are drawn in Section 5. 



2 CP-odd electron-nucleon operator C, 



s 



Let us first study the contribution of the CP-odd electron-nucleon operator Cs [T8|, |1^ 
to the ^''^Tl EDM. At the elementary particle level, Cs can be induced by two types of 



CP-odd operators in supersymmetric theories: ei'j^eqq |HD| and ei'~)^eq*q, where q and q 



denote quark and squark fields, respectively. In the MSSM, the above two CP-odd operators 
of dimensions 6 and 5 are generated by interactions involving Higgs scalar-pseudoscalar 
mixing and CP-violating vertex effects, as those shown in Fig. |1|. 

However, not all quarks and squarks can give rise to potentially large contributions to 
the 205^] EDM. Our interest is to consider only enhanced Yukawa and trilinear couplings of 
the Higgs bosons to quarks and squarks in the decoupling limit of the first two generation of 
squarks. This criterion singles out the CP-odd operators related to top and bottom quarks, 
and their supersymmetric partners. In fact, as is shown in Fig. |l|, heavy quarks and squarks 
do not contribute directly to the CP-odd operator Cs, but only through the loop-induced 
Higgs-gluon-gluon couplings Higg, after they have been integrated out. Thus, the effective 
Lagrangian responsible for generating Cs is 

4?^ = {am^.^G-^'^Cl^ + m,tan/3 O.ren.e) , (2.1) 

where M\y = Qwv/'^^i O is the 3 x 3-mixing matrix that relates the weak to mass eigenstates 
of the CP- violating Higgs bosons 0, |[ , and 

= E ilsL. + ^-?^[K-<)e^ + K + -l)cf^)] j. (2.2) 
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Figure 1: Feynman graphs contributing to a non-vanishing CP- odd electron-nucleon oper- 
ator Cs- At the elementary particle level, Cs is predominantly induced by quantum effects 
involving (a) t-,b- quarks and (b) t-, b- squarks. Blobs and heavy dots denote resummation 
of self-energy and vertex graphs, respectively. 



In (|2.2| ), the dimensionless coefficients g^^qq^ ^q^'^^ Cq^'^ ^'^d the stop and sbottom masses 
are given in the appendix. 

The largest contribution to the couphng parameter gn^gg comes from the scalar part of 
the Hjbb coupling, (7^ ^f,. More explicitly, there are two CP-violating effects that dominate 



9H,bb- (i) /3-enhanced threshold effects described by the term 



9Hibb 



Im 



(Ahb/h) tan^/? 



O 



3i 



(2.3) 



{6h/h) + (Ahb/h) tan/5 

and (ii) the scalar-pseudoscalar mixing effects contained in the mixing matrix elements 
On. The definition of the quantities 5hb/hb and Ahb/hb may be found in the appendix. 

At this stage, it is important to observe that if (Ahb/hb) tan/? > 1, the tan^/?- 
dependence of the CP-violating threshold effects on gfj.bb and gfj^bb considerably modifies. 
In particular, in the large tan/? limit, gfj.bb and 9Hibb asymptotically approach a tan/?- 
independent constant, i.e. 

1 + {6hb/hb) 



9L 



p 

9Hibb 



Im 
Im 



(Ahb/h) 
1 + (6hb/hb) 
(Ahb/h) 



(2.4) 
(2.5) 



Although the above limits may only be attainable in a very large tan /? and quasi- 
nonperturbative regime of the theory, the onset of a tan /^-independent behaviour in gfj-bb 
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and gH.bi, may already start from moderately large values of tan /?, i.e. for tan P > 30. Conse- 
quently, the hmits ( |2.4| ) and ( |2.5| ) should be regarded as upper bounds on the CP- violating 
threshold-enhanced parts of the coupling parameters gfj^i,!, and gH^bb- our numerical 
analysis in Section 4, we properly take into account the above-described CP-violating re- 



summation effects on gfj^ 



bb- 



The computation of the CP-odd electron-nucleon operator Cs can now be performed 
by utilizing standard QCD techniques based on the trace anomaly of the energy-momentum 



tensor ||4^. In the chiral quark mass limit, we then have the simple relation 

(y — 
{N\—G''^'"'G%\N) = - {100 MeV) NN . (2.6) 

With the help of ( p.6|) , we can evaluate the effective HiNN couplings, and hence the CP-odd 
operator Cs- 

Cs = - (0.1 GeV) tan/? ^ • (2-7) 



Observe that the operator Cs exhibits an enhanced tan^/? dependence it therefore 
becomes very significant for intermediate and large values of tan/3. Numerical estimates 
for this contribution to a thallium EDM will be presented in Section 4. 



3 Higgs-boson two-loop contributions to de 

We now turn our attention to Higgs-boson two-loop effects 0, ^ on the electron EDM 
analogous to those first discussed by Barr and Zee |Q in non-supersymmetric theories. As 
is shown in Fig. |^, these two-loop EDM effects originate predominantly from graphs that 
involve: stop and sbottom squarks (Fig. |^(a,b)) p[, top and bottom quarks (Fig. 0(c)), and 
charginos (Fig. ||(d)) ||4T[| . 

Strictly speaking, the original Barr-Zee graphs induced by top and bottom quarks 
in Fig. H(c) appear beyond the two-loop approximation in the MSSM. However, it is a 
formidable task to analytically compute the complete set of the relevant three- and higher- 
loop graphs. Therefore, we consider only a subset of higher-loop corrections, in which the 
dominant CP-violating terms in the Higgs-boson propagators and the Higgs-quark-quark 
vertices are resummed. Such an approach should only be viewed as an effective one, which 
is expected to capture the main bulk of the higher-order effects. In the same vein, we 
improve previous two-loop EDM calculations related to third-generation squarks and 
charginos ^1| by resumming dominant CP-violating self-energy terms in the Higgs-boson 
propagators. 
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Figure 2: Dominant Higgs-boson two-loop contributions to EDM of a light fermion f = 
e, n, d in the MSSM with explicit CP violation (mirror- symmetric graphs are not displayed). 
Heavy dots indicate resummation of self- energy and vertex graphs. Two-loop graphs gener- 
ating a CEDM for a d-quark are also shown. 
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In the context of the aforementioned resummation approach, the dominant Higgs- 
boson two-loop contributions to electron EDM are individually found to be 



(a,b) 



i=l ^^^H, q=t,b 



32 7r3 



Ml 



Ml 



m 



qi 



Ml 



+ F 



m 



92 



Ml,, 



(3.1) 



3 a? 



8 7r2 sin^ 9^ 



xE E 

1=1 q=t,b 



p s I- 

dHise 9Hiqq J 



Ml 



Ml 



(3.2) 



(d) 



rne_ 

TT^ sin^ 6^^, Mw 

3 1 



E E 



where g^^, 



i=l j=l,2 ---Xj 

- tan/303i, 
F{z) 

m 

9{z) 



'171 



'ra 



9H,eeO'H,x-x\ f\ 



Ml 



+ 9H,eebH^^-x-^9\ 



Ml 



(3.3) 



On/ cos [3, and 
xil — x) 



fix 



z — xil — x) 



In 



xil — x) 



1 1 - 2x(l - x) 
x{l — x) — z 

dx 

xil — x) ~ z 



In 
In 



z 

x(l — x) 

z 

xil — x) ' 

z 



(3.4) 
(3.5) 
(3.6) 



are two-loop functions. The coupling coefficients glqq-, 9Hiqqj '^Hix'x'^ 
( p.3| ), as well as the squark and chargino masses, are given in the appendix. Equation ( p.l|) 
takes on the simpler analytic form presented in 0, if only the CP-odd component a of the 
Higgs bosons is considered in an unresummed two-loop calculation of the EDM. In this 
case, the coefficients C^^^^ vanish and simplifies to 



R, 



sin 26qmq Im (/le* 



2m^ Im {^Aq 



(3.7) 



sin [3 cos (3 v"^ sin (3 cos [3 — "nriq^ ) 

where 5q = arg(yl^ — Rqfi*), with Rt (Rb) = cot /3 (tan/5). 

In addition to the dominant Higgs-boson two-loop graphs we have been studying here, 
there are also subdominant two-loop EDM diagrams, where the virtual photon is replaced 
by a Z boson in Fig. |^. Another class of Higgs-boson two-loop graphs involve the coupling 
of the charged Higgs bosons if^ to the photon and the bosons [^. In this case, for 
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example, the graph in Fig. |^ will proceed via charginos and neutralino in the fermionic 
loop. As has been explicitly shown in for most of the cases, this additional set of graphs 
give almost one order of magnitude smaller contributions to EDM. Most importantly, their 
dependence on the CP-violating parameters of the theory is rather closely related to the 
two-loop EDM graphs depicted in Fig. |^. Thus, suppressing the dominant Higgs-boson two- 
loop contributions to EDM will automatically lead to a corresponding suppression of this 
additional set of two-loop graphs. Therefore, in our analysis we neglect the aforementioned 
set of subdominant two-loop graphs. 

So far, we have only been studying the electron EDM de- The two- loop prediction for 
the muon EDM d^ can easily be obtained from de by considering the obvious mass rescaling 
factor m^/nif. ^ 205, i.e. 

d^ ^ 205 de{t,b,i,b,x^), (3.8) 
where the different two-loop EDM contributions are indicated within the parentheses. 

On the other hand, the dominant contributions to neutron EDM dn come from the 



CEDM of the d quark and CP-odd three-gluon operator which was first discussed 
by Weinberg in non-supersymmetric multi-Higgs doublet models. In the MSSM, the 
CP-odd three-gluon operator decouples as 1/m? and becomes relevant at gluino masses 
below the TeV scale. The CEDM of the d quark may be obtained from and ( |3.2D , if 
one replaces the colour factor 3 by 1/2, and aem Qq by as- The computation of the neutron 
EDM dn involves a number of hadronic uncertainties, when the EDMs are translated from 
the quark to the hadron level For example, considering the valence-quark model and 
renormalizat ion-group running effects from the electroweak scale Mz down to the low- 
energy hadronic scale Ah 0, one may be able to establish an approximate relation between 
neutron and electron EDMs. Thus, taking the input values for the involved kinematic 
parameters: md{Kh) = 10 MeV, as{Mz) = 0.12 and 5(^(Afe)/(47r) = 1/^/6, we find 

dn ^ -10 de{t,i) + 1.2 de{t,i,x^) + d^^ . (3.9) 

On the RHS of ( ^.9] ), the first and second terms arise from a (i-quark CEDM and EDM, 
respectively, and d^ is the contribution to dn due to the CP-odd three-gluon operator. In 
obtaining ( p.9|) , we have made two additional approximations as well. First, we neglected 
the contribution of the w-quark EDM du to dn, as it is much smaller than the c?-quark EDM 
dd for the relevant region tan /3 > 3. Second, we ignored the b- and 6-quantum corrections 
to dd and so to dn- Formulae (|3.8|) and (|3.9|) will be used to obtain numerical predictions 
for the muon and neutron EDMs in the next section. 
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4 Numerical estimates and discussion 



In Sections 2 and 3, we computed the dominant two- loop and the resummed higher- 
loop contributions to EDMs that originate from third-generation quarks and squarks, and 
charginos. Based on the derived analytic expressions, we can now analyze numerically the 
impact of the experimental constraints due to the non-observation of thallium and neutron 
EDMs on the CP-violating parameters of the theory, and hence on electroweak baryogenesis 
and direct searches for CP-violating Higgs bosons in the MSSM. Moreover, we will present 
predictions for the muon EDM and discuss the implications of a possible high-sensitivity 
measurement of to the level 10~^^ e cm for our analyses. 

Based on the observation that CP-violating quantum effects on the neutral Higgs 
sector get enhanced when the product Im (fiAt) / M^^^y is large H, the authors in [§, ^ 
introduced a benchmark scenario, called CPX, in which the effects of CP violation are 
maximized. In CPX, the following values for the /x- and soft-SUSY-breaking parameters 
were adopted: 

Mq = Mt = Mb = MsusY, /i = 4MsusY, 
\At\ = \Ab\ = 2MsusY, arg(At,b) = 90°, 
\mg\ = 1 TeV, arg(mg) = 90°, 

m~ = mg = 0.3 TeV. (4.1) 

Without loss of generality, the //-parameter is chosen to be real. The predictions of CPX 
showed that even a light neutral Higgs boson with a mass as low as 60 GeV could 
have escaped detection at LEP2.0 A recent experimental analysis of LEP2 data confirms 
this observation |^3|. Here, we wish to investigate the compatibility of the CPX scenario 



with the experimental limits on EDMs. For this purpose, we allow variations in the gluino 



phase, which enters the Higgs sector at two loops, but keep the At phase in ( [4.1| ) fixed. 
In addition, we will present numerical results for EDMs, where the /i-parameter is varied 
from 100 GeV to 4Msusy- Finally, we leave unspecified the phases of the gaugino mass 
parameters and m^. As we will see below, the phase of is greatly affected by 
constraints from the electron EDM. 

We start our numerical analysis by presenting predicted values for the ^os^jj EDM 
dii that arise entirely due to the CP-odd electron-nucleon operator Cs and are denoted 
as dT\{Cs)- In Fig. ^, we display numerical estimates for dT\{Cs) as functions of tan/5 for 
four different versions of the CPX scenario with Msusy = 1 TeV: (a) Mh+ = 150 GeV, 
^Similar remarks were made earlier in [p|, but the LEP2 data were less restrictive then. 
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arg(m3) = 0°; (b) Mh+ = 300 GeV, arg (m^) = 0°; (c) Mh+ = 150 GeV, arg (m^) = 90°; 
(d) Mh+ = 300 GeV, arg (m^) = 90°. The individual b, i, t, b contributions to d^iiCs), along 
with their relative signs, are indicated by different types of lines. We observe that the largest 
contribution to d^i comes from the 6-quarks for large values of tan/5, i.e. for tan/5 > 15, for 
which the CP-violating vertex effects become important (see also the discussion in Section 
2). In particular, these CP- violating threshold effects, which crucially depend on the term 
lm{Ahb/hb) tan^/5 in ( |2.3D , become even more important for large gluino phases. Thus, 
the predictions for d^i^Cs) in panels |(a) and (b), with arg (m^) = 0°, are one order of 
magnitude larger than the ones in (c) and (d), with arg {rrig) = 90°. 

For intermediate and smaller values of tan/5, i.e. for tan/5 < 15, CP-violating self- 
energy effects are significant, especially for relatively light charged Higgs bosons with masses 
in the range 150-200 GeV. In fact, these effects have generically opposite sign to the 
CP-violating vertex effects, giving rise to natural cancellations among the contributing 
EDM terms, and so lead to smaller values of dTi{Cs)- Although our numerical results are 
in qualitative agreement with those in Ref. we actually find noticeable quantitative 
differences, when resummed CP-violating self-energy and vertex effects are considered at 
the same time. 

Next, we shall investigate numerically higher-order CP- violating vertex and self- 
energy effects induced by t- and 6-quarks on the electron EDM de- Fig. ^ shows numerical 
estimates for those resummed effects on de as functions of tan/?, in variants of the CPX 
scenario, with (a) Mh+ = 150 GeV and (b) Mh+ = 300 GeV. In particular, we considered 
three different choices of the gluino phase: arg(mj^) = 90°, 0, —90°, denoted as ti,2,3, re- 
spectively. We find that CP-violating threshold corrections to the Hitt coupling as small 
as 5% are sufficient to lead to observable EDM values for de- In this respect, we see that 
the t-quark effects strongly depend on the gluino phase through the combination Im {firrig) 
that occurs in lm{Aht/ht) [cf. ( |A.4[ ), ( |A.5| )]. Thus, the t-quark contribution to de is pos- 
itive (negative) for negative (positive) gluino phases, while it is one order of magnitude 
smaller and negative for vanishing gluino phases, i.e. for arg {rrig) = 0°. For comparison, 
we also included in Fig. ^ the dependence of positive stop/sbottom contributions to de [0] 
(long-dash-dotted lines) on tan/5. The sum of the t-, 6-quark and i-, 6-squark contributions 
to de is given by the solid lines 1,2,3 for the same values of gluino phases. As before, 
we indicate negative contributions to de with a minus sign. From Figs. |^(a) and (b), it 
is interesting to notice that if arg {rrig) = 90° in CPX, a cancellation between the t-quark 
and t-squark EDM contributions occurs for almost the entire range of the perturbatively 
allowed tan/5 values and for all phenomenologically viable charged Higgs-boson masses. 
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As a consequence of such a cancellation, the electron EDM is always smaller than the 
current 2a experimental limit on d^, i.e. de < 2.2 x 10~^^ e cm, even for large tan/? values 
up to 30. As we will see below, this prediction may considerably change if contributions 
from the CP-violating operator Cs or chargino two-loop effects are considered. 

In order to further gauge the importance of the t-quark two-loop EDM effects, we 
present in Fig. ^ numerical values for de versus the /x-parameter for tan/5 = 20, and for 
two charged Higgs-boson masses: (a) Mh+ = 150 GeV and (b) Mh+ = 300 GeV. The soft- 
SUSY-breaking parameters are chosen as given in ( |4.1| ) for Msusy = 1 TeV, except for the 
/i-parameter, which has been varied from 0.1-4 TeV. For the sake of comparison, we also 
included the Higgs-boson two-loop EDM effects induced by i- and 6-squarks. The meaning 
of the various types of lines is exactly the same as those in Fig. ^. Remarkably enough, we 
find that even fi values as low as 500 GeV may be sufficient to lead to an electron EDM 
at the observable level through the original two- loop Barr-Zee graph in Fig. 0(c). In this 
context, we also observe that the resummed Higgs-boson two-loop contributions to de from 
t-quarks are comparable and even larger than those coming from t-squarks for maximal 
gluino phases. In fact, if At^f, = 0, the t-squark and dominant CP- violating Higgs-mixing 
effects may be completely switched off, without much affecting the corresponding t-quark 
two-loop contributions to de- Note that in this case the t-quark effects on de and the 
6-quark effects on the Cs operator, which both formally arise at the two-loop level, are 
proportional to Im {firrig). Therefore, they turn out to be strongly correlated and their 
combined contribution to rfxi should carefully be taken into account (see also discussions 
of Figs. 1^ and || below). 

As was already pointed out in [0, H], charginos might also contribute to electron 



EDM de at the two-loop level. Recently, a computation of those effects appeared in |41 



The authors derived strict constraints on the CP-violating parameters of a scenario in 
which electroweak baryogenesis is mediated by CP-violating currents involving chargino 
interactions. Here, we re-examine this issue within a scenario that favours the above 
mechanism of electroweak baryogenesis and is not in conflict with LEP2 limits on the 
Higgs-boson masses and couplings. Specifically, being conservative, we require that these 
be Mffi ~ 111 GeV, for gj^.^z ~ 0-3) where Qh^zz is the HiZZ coupling given in units of 
the SM hsuZZ coupling. In addition, we demand that Mh^ + Mh^ x: 170 GeV. On the 
other hand, in order for electroweak baryogenesis to proceed via a sufficiently strong first- 
order phase transition, the right-handed stop mass parameter Mt must be rather small, 
and the ^ and the soft gaugino parameter must not be too large, typically smaller 
than 0.5 TeV []13|, 0]. Especially, there is a resonant enhancement up to even 10 times the 
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observed baryon asymmetry, if the condition fx = is met |T^. Further requirements 
for a scenario leading to successful electroweak baryogenesis are: (i) a moderate trilinear 
y4t-parameter in the range, 0.2 < At/ Mq < 0.65; (ii) a not very large tan/3 value, tan/3 ^ 20; 
(iii) a soft-SUSY-breaking parameter Mq of a few TeV, for phenomenological reasons |T^ . 
More explicitly, the following values for the mass parameters are employed: 



Mq 


= 3 TeV, 


Mt = 


Mh = 3 TeV , 


\M 


= \M = 


1.8 TeV, 


arg(A,fe) = 0°, tan/3 < 20, 




= 3 TeV, 


arg(mg) 


= 0°, 




= \my,\ < 


0.5 TeV, 


arg(m^^) = 90° . 



(4.2) 



To be able to compare our predictions with those presented in Fig. 2 of Ref . |^ , we 
choose in Fig. ^a) the values: /i = = 0.2 TeV and Mh+ = 170 GeV. Since CP-violating 
Higgs-mixing effects in the mass spectrum are generically small for the chosen values of the 
parameters in (|4.2| ), our mass input Mh+ = 170 GeV corresponds to M^a' ~ 150 GeV for 
the mass of the almost CP-odd Higgs scalar A. Even though on a very qualitative basis 
our numerical results on the linear tan /3-increase behaviour of de agree with those reported 
in [^, the actual functional dependences of the individual '/i', 'if', 'A' contributions to 
de on tan/3 differ significantly. Unlike [^, we find in Fig. ^(a) that for tan/3 > 5, the 
tan /3-enhanced effect on de originates from the heavier Higgs bosons 'if' and 'A', while 
the EDM contribution due to the lightest Higgs boson '/i' is almost negligible.^ Since 
the size of de is set by the heavier Higgs-boson masses, i.e. by Mh+, and by /i and m^, 
our predictions are rather robust under the different choices of the remaining soft-SUSY- 
breaking parameters. Moreover, although our numerical values for the total contribution 
to de agree very well with |^T| for tan/3 = 2 (rfg ~ 0.63 x 10~^^ e cm), they are smaller by 
~20% for tan/3 = 6, i.e. we find de ~ 1.62 x 10~^^ e cm, which should be compared with 
de ^ 2 X 10~^^ e cm. Finally, the electroweak baryogenesis scenario (|4.2|) in the low tan f3 



region, tan/3 ^ 6, which is studied by the authors in appears to be highly disfavoured 
by LEP2 data. In this respect, a phenomenologically viable model, with Mh+ = 170 GeV, 
would require larger values of tan/3, i.e. tan/3 ^ 9. In this case, one has to consider a factor 
of 10 suppression in the chargino phase, such that the chargino two-loop EDM effects 
are reduced to a level close to the experimental upper limit on de- Consequently, if no 
cancellations are assumed with possible one-loop EDM terms, then a model with suppressed 
chargino phase of ~ 5° and a relatively light charged Higgs boson, Mh+ = 150-200 GeV, 



"^The fact that only 'H' and 'A' contributions to de exhibit a Unearly enhanced dependence on tan/3 
may also be verified independently by a flavour-graph analysis. 
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might still be possible to account for the observed baryon asymmetry in the Universe, 
provided the aforementioned resonant factor 10 is used. However, the above situation may 
be considerably relaxed for larger values of Mh+ , since the chargino two- loop EDM effect on 
de decreases approximately by 1/Mh+ as Mh+ increases. This dependence of on Mh+ can 
explicitly be seen in the lower panel (b) of Fig. |^, for increasing charged Higgs-boson masses: 
Mh+ = 150 GeV (sohd), 200 GeV (dashed), 300 GeV (dotted), 500 GeV (dash-dotted) and 
1 TeV (long-dash-dotted), in a scenario with = = 0.4 TeV and arg(m^) = 90°. 

In the following, we will present predictions for more realistic EDM observables, with 
relatively reduced hadronic uncertainties, namely the thallium EDM dTi, the neutron EDM 
dn, as well as the muon EDM d^ which was suggested to be measured with a high sensitivity 
to the level of 10~^^ e cm |^. In Fig. |^, we display numerical values for dxi, dn and d^ 
as functions of tan/3 in two versions of the CPX scenario, with Mfj+ = 150 GeV: (a) 
arg(mg) = arg(m^) = 90°, and (b) arg(m^) = 35°, arg(m^) = 90°. Fig. ^ also shows 
the different contributions, along with their relative signs, to din from top/stop (long-dash- 
dotted) and chargino (dotted) Higgs-boson two-loop graphs, as well as from the CP-odd 
electron-nucleon operator Cs (dashed). Note that the type of lines used to represent the 
numerical results of the individual EDM contributions is given in the parentheses. In panel 
(a) of Fig. 1^, we see that the contribution of Cs prevails in dxi, for large values of tan/3, 
and exceeds the experimental limit for tan/5 > 12. The prediction for dn always stays 
below the current experimental limit, and the predicted values for d^ do not reach the 
proposed experimental sensitivity for almost all relevant values of tan/5. It is amusing 
to remark that no EDM constraints can be imposed on the CPX scenario in the range: 
4 < tan/5 ^ 12, which is interesting for analyzing Higgs-boson searches at high-energy 
colliders. In fact, if the gluino phase is chosen to be arg (m^) = 35° (see Fig. |^(b)), the 
different EDM terms contributing to d^i approximately cancel and d^i does not exceed 
much the experimental limit. Similarly, since the top/stop- CEDM effects are small in this 
CPX scenario, the neutron EDM is always smaller than its conservative experimental upper 
bound: 1.2 x 10~^^ e cm. However, for tan/5 ~ 40, the muon EDM can be significant, and 
its value rf^ ~ 4. x 10~^^ e cm lies well within the proposed explorable range. This example 
nicely illustrates the important role of complementarity of a high-sensitivity measurement 
of a muon EDM in constraining the CP-violating parameter space of the MSSM. 

It is also interesting to examine the dependence of the different EDM contributions 
shown in Fig. ^on the yU-parameter, for large values of tan /5. In Fig. ^, we display numerical 
values of (ixi, dn and rf^ as functions of /i for two scenarios with tan /5 = 40, Msusy = 1 TeV, 
rrig = 1 TeV, = = 0.3 TeV, arg(mg) = arg(m^) = 90°, A,b = 2 TeV, arg(A^b) = 



15 



90°: (a) Mh+ = 150 GeV; (b) Mh+ = 300 GeV. In analogy with Fig. 0, the individual 
contributions to c/ti due to top/stop and chargino two-loop graphs and due to the CP-odd 
electron-nucleon operator Cs are also shown. In Fig. H(a), we observe that the different 
CP-violating EDM operators may cancel in d-Ti and dn, even for smaller values of the /i- 
parameter, i.e. for fi ^ 700 GeV. In this region of parameter space, the muon EDM is 
predicted to be as large as 0.8 x 10"^'^ e cm, which falls within the reach of the proposed 
dfj, measurement. In Fig. |^(b), we give numerical estimates of d^i, dn and rf^ for a CPX 
scenario with a heavier charged Higgs boson, i.e. for Mh+ = 300 GeV. Again, we find 
that the predicted value for d^i can be close to the experimental limit for a wide range of 
/x-values, while c?^ always stays above the proposed experimental sensitivity. 

Let us summarize the focal points of this section. We have explicitly demonstrated 
that the non-observation of the thallium EDM can provide strict constraints on the CP- 
violating parameters related to third-generation squarks, charginos and gluinos. The con- 
straints derived from the neutron EDM limit are less restrictive. Nevertheless, our nu- 
merical analysis has also shown that the constraints from the thallium EDM can be sig- 
nificantly weakened, if the different CP- violating operators dg and Cs cancel in rfxi- For 
instance, this could be the case for the benchmark scenario CPX, for low and interme- 
diate values of tan/3. Such cancellations of the CP- violating operators de and Cs can 
occur for a wide range of parameters and crucially depend on the choice of the phase 
combinations: a.Tg{fiAt), arg (/xm^) and arg(/im^y). In particular, we find that a possi- 
ble high-sensitivity measurement of ci^ to the proposed level of 10~^^ e cm can constrain 
such uncovered ranges of CP-violating parameters in a rather complementary way. Finally, 
unless Mh+ is of the TeV order, EDM constraints from d^i on scenarios favoured by elec- 
troweak baryogenesis are rather stringent. They generally imply either suppressed chargino 
phases, i.e. arg(m^) < 10°, or modest cancellations in 1 part to 10 with one-loop EDM 
terms induced by the first two generations of sleptons. 



5 Conclusions 

To avoid the known CP and FCNC crises in the MSSM, we have considered a framework, 
in which the first two generations of squarks and sleptons are heavier than ~ 10 TeV, while 
the third generation is light, with masses not larger than the order of a TeV. Within this 
framework of the MSSM, we have performed a systematic study of the dominant two- and 
higher-loop contributions to the thallium, neutron and muon EDMs, which are induced by 
b-, t-quarks, b-, t-squarks, charginos and gluinos. At present, the most severe limits are 
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obtained from the non-observation of a thallium EDM d^i, whereas experimental upper 
limits on the neutron EDM dn are less stringent and usually constrain large contributions 
from a rf-quark CEDM and the CP-odd three-gluon operator. Also, theoretical predictions 
for dn are plagued by a number of uncertainties while estimating hadronic matrix elements. 

The largest effects on the thallium EDM d^i result from two operators, the CP-odd 
electron-nucleon operator Cs and the electron EDM de- These two CP- violating operators 
are formally induced at the two- and higher-loop levels and involve the exchange of CP- 
mixed Higgs bosons. Thus, strong constraints on the radiatively-generated CP-violating 
Higgs sector of the MSSM can be derived from c?ti, and hence on the analyses for direct 
searches of CP- violating Higgs bosons at high-energy colliders, such as LEP2, Tevatron 



and LHC [Q. In this context, we have analyzed the compatibility of an earlier suggested 
benchmark scenario of maximal CP violation for LEP2 Higgs studies (CPX) with the 
thallium and neutron EDMs. We have observed the existence of strong correlations among 
the different EDM terms, which enable the suppression of c/ti and dn even below the 
present experimental limits. Specifically, for 4 < tan /5 < 12 in the CPX scenario with 
Mh+ = 150 GeV, the stop, gluino, and chargino phases are all allowed to receive their 
maximal values, i.e. arg (At) = arg {rrig) = arg {m^) = 90°, without being in conflict with 
EDM limits (cf. Fig. 0(a)). Most interestingly, for specific choices of the gluino phase, the 
allowed range of tan/3 values compatible with EDM limits can be enlarged dramatically. 
For instance, if arg {rrig) = 35° in the aforementioned CPX scenario (see also Fig. 0(b)), the 
predicted values for 25 < tan /5 < 45 do not contradict upper limits on thallium and neutron 
EDMs. For the remaining range of tan f3 values, the obtained prediction does not exceed 
the 2a upper bound on \dT\\ by a factor of ~ 3. Evidently, the degree of cancellations 
required between the one- and two-loop EDM terms in the CPX scenario is not excessive, 
for certain choices of the gluino phase. 

At this point, it is important to stress that a muon EDM measured at the 
10~^^ e cm-level will help to sensitively probe CP-violating regions of the MSSM param- 
eter space which cannot be accessed easily by measurements of the thallium and neutron 
EDMs. This complementarity property is mainly a consequence of the fact that d^ is free 
from interfering CP-odd electron-nucleus interactions thanks to the Cs operator, which 
can contribute significantly to d^i- Unlike the neutron EDM dn, d^^ does not suffer from 
hadronic uncertainties. Given the absence of a signal in the measurements of |(iTi| and \dn\i 
one may now wonder whether a positive signal in d^ would already imply a positive signal 
on (7 — 2 as well. This is not the case within our framework of the MSSM. If the first two 
generations of sfermions are above the TeV scale, the biggest contribution to g — 2 comes 
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again from related two-loop Barr-Zee-type graphs. However, for phenomenologically vi- 
able charged Higgs-boson masses Mh+ ^ 120 GeV in the MSSM |E3l, these effects on g — 2 



are negligible [|^. Then, only post-LEP2 high-energy colliders and the proposed BNL 
experiment on the muon EDM might be able to sensitively explore the CP-violating 
parameter space of the above framework of the MSSM in a rather complementary manner. 

We have also studied the impact of EDM constraints on the mechanism of electroweak 
baryogenesis induced by CP-violating chargino currents. For this purpose, we considered a 
scenario in ( |4.2| ), which favours the above mechanism of electroweak baryogenesis In 
such a scenario, the chargino two-loop graphs of Fig. §(d) represent the dominant contribu- 
tion to de and d^i as well. However, as we detailed in Section 4, our theoretical predictions 



for de are at variance with those presented in a recent communication Moreover, we 
find that LEP2 direct limits on Higgs-boson masses require intermediate and larger values 
of tan /?, i.e. tan /? 6, for a phenomenologically viable scenario of electroweak baryogene- 
sis. In this tan/3 regime, experimental upper limits on Ic/tiI give rise to strict constraints, 
especially when no cancellations between the chargino two-loop and one-loop EDM terms 
are assumed. In the latter case, the charged Higgs-boson mass Mii+ should be relatively 
large, i.e. Mfj+ > 700 GeV for tan/? > 6 and arg {m^) < 90°. Otherwise, for lighter charged 
Higgs bosons, either the chargino phase should be suppressed by a factor of at least 10 or 
cancellations in 1 part to 10 with one- loop EDM terms need be invoked. 

In our computation of the Higgs-boson loop-induced EDMs, we have considered re- 
summation effects of higher-order CP-conserving and CP-violating terms in Higgs-boson 
self-energies and vertices. In particular, the original t-quark two-loop graph suggested by 
Barr and Zee occurs beyond the two-loop approximation through threshold effects in 
the Hitt coupling and, depending on the choice of the gluino phase, it might even compete 
with the t-squark two- loop graph ||^. Since our resummation of higher-order terms relied 
on an effective Lagrangian approach, one may worry about the relevance of other higher- 
order terms present in a complete computation. At this stage, we can only offer estimates 
of those possible higher-order electroweak uncertainties in the calculation of EDMs. Thus, 
we have checked our results with and without resumming the Higgs-boson self-energies. In 
this way, no large modifications are found in our predictions; the variation of our results 
is generally less than 10% for M/^+ < 170 GeV, and becomes even smaller, to less than 1% 
for Mh+ ~ 200 GeV. This may be attributed to the fact that the dominant contributions 
to EDMs come from the heaviest Higgs bosons, on which the relative impact of radiative 
effects is less important. On the other hand, CP- violating threshold effects constitute the 
main source of theoretical uncertainties in the calculation of the original Barr-Zee graph 
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of Fig. |^(c), as they are less controllable for low values of tan/5.Q In this context, we re- 
mark that even the computation of the CP-odd three-gluon operator is haunted by relevant 
higher-order electroweak uncertainties in the MSSM |Q. The Weinberg operator can be 
generated in its original fashion [^] at three and higher loops which involve CP-violating 
self-energy and vertex subgraphs of Higgs bosons. It then appears necessary to develop 
improved techniques that would enable us to provide accurate estimates of (resummed) 
higher-order terms in the calculation of EDMs. The present work is a step towards this 
goal. 
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A Effective Higgs-boson couplings 



The couplings of the CP-mixed Higgs bosons i^i,2,3 to t-, 6-quarks, i-, 6-squarks and 
charginos play a key role in our calculations. In this appendix we present the ef- 
fective Lagrangians describing the above interactions, after including dominant one- and 
two-loop CP-even/CP-odd quantum effects on the Higgs-boson masses and their respective 
mixings. 

Following the conventions of we first write down the effective Lagrangian of the 
Higgs-boson couplings to top and bottom quarks 

^ gwfrib 



With iO 



i=l 
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(A.4) 



^Here, we have also used the fact that b- and t-quark masses are positive, i.e. Immf, cx Im [hjj + ((5/ib) 
(A/lb) taii/3] = and Im mt cx Im [ht + [Sht) + (A/it) cot /?] = 0. 
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In ([A.2|) - (|A.5|) , O is a 3 X 3-dimensional mixing matrix that relates weak to mass eigenstates 
of Higgs bosons in the presence of CP violation @, ||, and 6ht^b/htfi and Ahf^h/htfi represent 
non- logarithmic threshold contributions to bottom and top Yukawa couplings [^]. As is 
shown in Fig. Al, the latter quantities are predominantly induced by gluino and Higgsino 
loops. In the presence of CP violation, their analytic forms are ||^ 
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where a, 
function 



gg/{An) is the SU(3)c fine structure constant, and I{a,b,c) is the one-loop 
abln{a/b) + bcln{b/c) + acln{c/a) 



I{a, b, c) 



(a — b){b — c)(a — c) 
In addition, the stop and sbottom masses are given by (with q = t,b) 
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+ (-) y [ M2 - M2 + COS 2/3M| (Tl - 2g, sin^ 6^) \ + Aml\A,- R^fi 

where Qt{Qb) = 2/3 (-1/3), T* = -T^ = 1/2, i?t (i?;,) = cot /3 (tan/3), and sin^ = 
1 - M^/Ml 

It is important to remark here that only the CP-violating vertex effects on gfj^bb 
9Hihhi which are proportional to Im [(A/ifc//ifc) tan^ /?] in (^]2) and (|A.3|) , are enhanced for 
moderately large values of tan /?, i.e. 20 < tan 13 ^ 40. However, for very large values of tan (3, 
i.e. tan (3 > 40, there is a 1/ tan^ /3-dependent damping factor due to CP-violating resumma- 
tion effects which cancels the tan^ /3-enhanced factor mentioned above. As a consequence, 
in the large-tan /3 limit, the coupling factors gfj.bb and gH^bb approach a tan /^-independent 
constant. A related discussion is also given in Section 2. 
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Figure Al: Effective one-loop (^^rjjb and ^12^ couplings, 6hb^t ind Ahb^t, generated by the 
exchange of (a) gluinos g and (b) Higgsinos hf2- 



Another important ingredient for our computation of two-loop EDMs is the diagonal 
effective couplings of the Higgs bosons to scalar top and bottom quarks. Taking the CP- 
violating Higgs-mixing effects into account, the effective Lagrangian of interest to us may 
be conveniently written in the form 
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with Xq = Aq — Rqjj* {q = t,b). Although we assumed m?^ > m?^, the effective Lagrangian 
( |Al^ ) exhibits the nice feature that it is fully independent of the hierarchy of squark 
masses. 

Finally, we present the effective couplings of the CP-mixed Higgs bosons -f^i,2,3 to 



charginos Xi,2 [0) 131 ■ These may be conveniently described by the effective Lagrangian 
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In the above, and are 2x2 unitary matrices, which diagonahze the chargino mass 
matrix: 

9w{4>t) 

with (05) = V\l\f2 and (02*) = ^2/^/2, through the bi-unitary transformation 
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C^^McC^ = diag( 
In ([A.20|) , the chargino mass-eigenvalues are given by 
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while the analytic expressions for the mixing matrices C^'^ are quite lengthy in the presence 
of CP violation, and will not be presented here; they can be computed using standard 
techniques 0. 

For completeness, we give the corresponding effective couphngs of the would-be Gold- 
stone boson G"^ to charginos Xi2- 



Xj Xfc 
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^G^%xt = -^os^{c^;cg + cgc^;) + smp{c^;cg + cf.c^^*) . (A.22) 

A non-trivial consistency check for the correctness of our analytic results is the vanishing 
of the diagonal scalar couplings of the G° boson to charginos, i.e. cico-x^-x* = 0- 
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Figure 3: Numerical estimates of'^^^Tl EDM d^i induced by the CP-odd electron-nucleon 
operator Cs as functions of tan (3, in four selected CPX scenarios with Msusy = 1 TeV. 
The values of the CPX parameters are given in The individual b,i,t,b contributions 

to dT\{Cs), along with their relative signs, are also displayed. 
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Figure 4: Numerical estimates of resummed Higgs-boson two-loop effects on de, induced by 

t, b- quarks and t, b- squarks, as functions of tan f3, in two variants of the CPX scenario, 
with (a) Mh+ — 150 GeV and (b) Mh+ = 300 GeV. The long- dash- dotted lines indicate 
the stop/sbottom contributions to de- The dotted lines ti,2,3 correspond to top/bottom con- 
tributions, for aig{mg) = 90°, 0°, —90°, respectively. Likewise, the solid lines 1,2,3 give 
the sum of all the aforementioned contributions to de for the same values of gluino phases. 
Contributions to de that are denoted with a minus sign are negative. 
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Figure 5: Numerical values of resummed Higgs-hoson two-loop effects on d^, induced by 
t, b- quarks and t, b- squarks, as functions of fi, in two variants of the CPX scenario, with 
tan/5 = 20, and (a) Mh+ = 150 GeV and (b) Mh+ = 300 GeV. The meaning of the 
different line types is identical to that of Fig. 0. For At^b = 0, the long- dash- dotted line 
disappears and so the solid lines collapse to the dotted ones. 



31 




Figure 6: rig versus tan/? in a scenario favoured by electroweak baryogenesis, with MSSM 
parameters Mq = = 3 TeV, Mjj = 0, At^ = 1.8 TeV, rrig = 3 TeV and arg^At^b) = 
arg(mg) = 0°. In (a), Mh+ = 170 GeV is used, corresponding to M'A' ~ 150 GeV, and 
= ^Ji = 0.2 TeV andaxg{my^) = 90°. Also displayed are the individual 'h', 'H 'A' con- 
tributions to de and the LEP excluded region from direct Higgs-boson searches. In (b), nu- 
merical values are shown for Mh+ = 150 GeV (solid), 200 GeV (dashed), 300 GeV (dotted), 
500 GeV (dash- dotted) and 1 TeV (long-dash-dotted), in a scenario with = A* = 0.4 TeV 
and arg(m^) = 90°. 
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Figure 7: EDMs of d^\, dn andd^j, as functions of tan (3 in two versions of the CPX scenario: 
(a) arg(mg) = arg(m^) = 90°, and (b) arg(mg) = 35°, arg(m^) = 90°. Also shown are 
the different contributions, along with their relative signs, to rfxi from top/stop (long-dash- 
dotted) and chargino (dotted) Higgs-boson two-loop graphs, as well as from the CP-odd 
electron-nucleon coupling Cs (dashed). 
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Figure 8: Numerical values ofd^i, dn and d^ as functions of jj, for two large-tan (3 scenarios, 
with tan/? = 40, Msusy = 1 TeV, nig = 1 TeV, = = 0.3 TeV, arg(mg) = 
arg(m^;j>) = 90°, A,6 = 2 TeV, arg(A,6) = 90°; (a) Mh+ = 150 GeV; (b) Mh+ = 300 GeV. 
In analogy with Fig. the individual contributions to d^i due to top/stop and chargino two 
loop graphs and due to the Cs operator are also shown. 
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